Abstract. Extreme ultraviolet lithography (EUVL, λ ¼ 13.5 nm) is the most promising candidate to manufacture electronic devices for future technology nodes in the semiconductor industry. Nonetheless, EUVL still faces many technological challenges as it moves toward high-volume manufacturing (HVM). A key bottleneck from the tool design and performance point of view has been the development of an efficient, high-power EUV light source for high throughput production. Consequently, there has been extensive research on different methodologies to enhance EUV resist sensitivity. Resist performance is measured in terms of its ultimate printing resolution, line width roughness (LWR), sensitivity [S or best energy (BE)], and exposure latitude (EL). However, there are well-known fundamental trade-off relationships (line width roughness, resolution and sensitivity tradeoff) among these parameters for chemically amplified resists (CARs). We present early proof-of-principle results for a multiexposure lithography process that has the potential for high sensitivity enhancement without compromising other important performance characteristics by the use of a "Photosensitized Chemically Amplified Resist
Sensitivity enhancement of chemically amplified resists and performance study using extreme ultraviolet interference lithography Elizabeth 
Introduction
Although there is still no clear or set technology path, extreme ultraviolet lithography (EUVL) is predicted to be introduced in high-volume manufacturing (HVM) at the 7-nm node according to ASML's (September 2015) next generation twinscan with EUV tool extension roadmap. 1 With the successful demonstration of the first 7-nm node test chips by the use of silicon germanium transistor technology in the second half of 2015, IBM research has furthermore demonstrated the feasibility of introducing EUVL in HVM at multiple lithography steps. 2 EUVL is still, therefore, the most promising lithography candidate to manufacture electronic devices in the now near future and the availability of high-performance EUVL materials to resolve features down to 16-and 13-nm HP is ever more important. ASML reported remarkable dose control EUV light source power up to 183 W in 2015. 1 Nonetheless, it is clear that EUV source power remains a bottleneck for high throughput manufacturing. For that reason, here, we have focused on finding the best CAR candidates from vendors from around the world with high sensitivities (BE < 30 mJ∕cm 2 at 16-nm HP and <50 mJ∕cm 2 at 13-nm HP) for the 7-and 5-nm logic node while still maintaining other high-performance characteristics [line width roughness (LWR) and exposure latitude (EL)]. Also, the performance of two state-of-the-art alternative resist platforms (Sn-based metal organic resist from Inpria Corp. and a negative tone CAR molecular resist from Irresistible Materials) previously investigated 3, 4 was compared to the CAR performance at and below 16-nm HP resolution for HVM, demonstrating the need for alternative resist solutions at 13-nm resolution and below.
In this report, we also present proof-of-principle results for a multiexposure lithography process that has the potential for high sensitivity enhancement without compromising other important performance characteristics such as LWR and EL as will be shown later. With this novel method, we aim at a resist sensitivity enhancement by the combination of a first EUV pattern exposure, a second UV-flood exposure and the use of a Photosensitized Chemically Amplified Resist ™ (PSCAR ™ ). 5, 6 The PSCAR concept was introduced by Tagawa et al., 5, 6 from Osaka University in Japan by the use of a first pattern exposure by electron beam lithography (EBL). By the combination of a first EBL pattern exposure and a second UV-flood exposure, the authors found a sensitivity increase of a factor of 10 without any loss of resolution 5, 6 down to 75 nm for L/S patterns demonstrating high potential for resist sensitivity improvement for high-resolution patterning as will be explored in the following sections.
The performance of the different photoresists was evaluated using EUV interference lithography (EUV-IL) at the Swiss Light synchrotron facility located at the Paul Scherrer Institute. 7 With EUV-IL, a mask with transmission-diffraction gratings is illuminated by a spatially coherent beam of EUV light (λ ¼ 13.5 nm). 8, 9 Periodic images can then be produced by the interference of two or more diffracted beams. The first-order diffracted beams overlap at a distance from the mask where the aerial image is created. The produced image has a period P that is given as [Eq. (1)] E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 3 5 6 P ¼
where θ m denotes the diffraction angles and m is the diffraction order, and P g is the mask grating period, that is half of the mask grating period P g when a pair of the first-order (m ¼ 1) diffraction interference beams are used. With this technique, it is, therefore, possible to create high-resolution periodic images for the fast characterization of EUV photoresists. 7 In fact, using the EUV-IL tool at Paul Scherrer Institute (PSI), it has been possible to resolve patterns down to 7 nm in resolution by single patterning, the record for photon-based lithography.
7,10-12 EUV-IL, therefore, provides a simple and powerful platform for academic and industrial research while the availability of high-resolution commercial EUV exposure tools is still limited. The aerial image created by IL is a sinusoidal image, which is similar to that of a scanner with dipolar illumination at its NA limited HP.
Methods
The transmission-diffraction masks used here consist of HSQ (hydrogen silsesquioxane) gratings fabricated on 100-nm-thick Si 3 N 4 membranes and a gold photon-stop covering all areas around the gratings to absorb the zeroth-order beam. The fabrication process is explained in more detail elsewhere. 9 Each mask includes three pairs of gratings for every pitch. Six different pitches are included in every mask. For this study, a single mask (M1) that includes pairs of gratings to pattern with 11-, 12-, 13-, 14-, 16-, and 18-nm HP resolution on wafer was used unless otherwise specified.
Dose-on-mask (mJ∕cm 2 ) is determined from the measured flux (mW∕cm 2 , measured before and after the exposure) and exposure time (s). The corrected dose-on-wafer values are calculated based on predetermined tool factors (ratio between the dose-on-mask and dose-on-wafer) proportional to the mask efficiency. 13 The mask efficiency defined as [Eq. (2)] E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 5 9 8
is dependent on the diffraction efficiency of the gratings and the nitride membrane transparency (transmission efficiency). 8 D OF is the 50% clearing dose through an open frame and D 50% is the average of the 50% clearing doses from each of the gratings per pair on mask resulting from the first-order noninterfering diffraction patterns divided by two to account for the fact that two diffracted beams are needed for imaging. The tool factors are pitch and grating dependent.
To determine the mask efficiency per grating pair needed to determine the mask tool factors, an exposure through an open frame (1.5 × 1.5 mm 2 ) is first performed at different doses using a reference resist (UL1R12) to determine the 50% clearing dose D OF . After development, the thickness of the resist is measured as a function of dose. A contrast curve is then plotted as the normalized remaining film thickness after development versus log exposure dose. The normalized thickness is calculated as the film thickness that remains after development divided by the initial film thickness before development. The 50% clearing dose through the open frame (D OF ¼ log D 0 ) can then be determined from the contrast curve when fitted by a dose-response function E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 3 2 5
where D is the exposure dose-on-mask, t 0 is the maximum thickness difference of unexposed or overexposed resist, log D 0 is the dose for 50% clearance, and γ is the slope (contrast). 7, 8 Another dose scan with the same reference resist (UL1R12) is then performed using the actual mask for which the tool factors need to be determined to calculate the mask efficiency η per grating pair. The resist thickness after development resulting from the first-order noninterfering diffraction is recorded as a function of dose-on-mask. The 50% clearance dose (D 50% ) is found from the normalized thickness as a function of dose-on-mask data when fitted by a dose-response function as described previously.
The Z-factor is a global performance figure-of-merit that generally accounts for the RLS trade-off relationship and should be used with caution. Nonetheless, it enables a straightforward and fast comparison of different resists and resists platforms. Here, we use the simplified approach from Wallow et al., 14 in which the so-called Z-factor is defined as
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 6 3 ; 7 5 2 Z ¼ ðSensitivityÞ × ðLERÞ 2 × ðHPÞ 3 :
The best energy (BE) represents the sensitivity. The exposure latitude (EL) is calculated from the average critical dimension (CD) versus exposure dose plots. A linear curve is fitted through the points within the CD max and CD min values (or CD þ 10% or −10%, respectively). EnCD max and EnCD min (exposure dose at CD þ 10% and CD − 10%, respectively) are extracted from the linear fit. The maximum exposure latitude EL max is defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 6 3 ; 6 4 2 EL max ¼ jðEnCD min − EnCD max Þ∕BE × 100j:
The actual exposure latitude, EL act , that is reported here is furthermore determined by instead using the minimum and maximum exposure dose values (EnCD max;act and EnCD min;act , respectively) within EnCD max and EnCD min for which no pinching, necking, or pattern collapse is observed. The actual, line quality driven exposure latitude EL act may, therefore, be lower than the EL max . SEM images of the resist patterns were obtained using an SEM Carl Zeiss SUPRA 55VP. The in-lens detector with a scanning speed of 10 s was used. The acceleration voltage and aperture size were set to 1 kV and 7.5 μm, respectively, to minimize electron beam damage and get surface information. The magnification and working distance are both kept constant at 400,000 and ∼3 mm, respectively. The CD and LER values are obtained from the analysis performed with a commercially available modeling software (SuMMIT ® ). In this study, 97 EUV-IL exposures were performed over a period of one year (2015) to test 52 different state-of-the-art positive tone CARs from different vendors all around the world. The naming convention used here is consistent (i. e., UL1 = underlayer 1, R1 = resist 1). Different underlayer formulations from different vendors may also have been used. The type of resist or underlayer and process conditions [resist and underlayer thickness, postexposure bake (PEB), postapply bake (PAB) temperature, and process time] were either determined by the different resist suppliers, or their effect on resist performance was as well subject to investigation. Resist development was performed in a semiautomatic SUSS Microtech tool that includes a 30-s 2.38% TMAH dispense step. The type of development used here was the same unless otherwise noted. Reference exposures using our reference resist and underlayer material R1UL1 were regularly performed (14 repetitions).
3 Long-Term Performance of EUV-IL Tool at PSI The long-term performance and stability of the EUV-IL tool at PSI are continuously improved and monitored by performing an exposure with a baseline resist process UL1R12. The same mask, beam conditions, and resist processing parameters are used for all exposures. Figure 1 shows that the BE, average LWR, and average EL values obtained from exposures performed within an 11-month period from February to December 2015. The average and standard deviation of the BE, LWR, and EL for 16 and 22 nm are also shown in the corresponding graphs. The standard deviation of the BE at 22-nm HP is below 7%, which is an improvement from the value that was reported in 2013 ∼10. 7 For the last six months of the year, the BE variation is furthermore improved with a standard deviation <3% at 22-nm HP, which is <1.5% of the mean. This corresponds to changes that were made to our mirror cooling system, which now operates at lower temperatures since the summer of 2015 and thereby improved the optical stability.
It is clear from the graphs that there is a certain degree of variation from exposure to exposure, which may arise from the actual EUV-IL tool, the SEM conditions, or even resist aging. The SEM image analysis is the main source of variation to the LWR values reported. The SEM inspection is manually performed using a multipurpose, multiuser SEM in a research environment. Though the same SEM settings are used and the analysis is always performed the same way, the SEM is serviced due only to failure, and human error is unavoidable as the SEM picture acquisition and analysis are executed manually. We also note that the LWR values reported in this work are consistently higher by ∼30% than those reported elsewhere for the same resists and processing conditions. Therefore, one should take the LWR values not as universal values, but as an in-house number. Nevertheless, the parameters are kept constant for all our analyses so that they enable a true comparison of the different resists. Nonetheless, resolution alone is not enough for HVM and the best performing resists need to perform well in terms of BE, LWR, and EL simultaneously. Here, five different CARS are highly performing with BE < 30 mJ∕cm 2 , LWR < 6.5 nm (LER < 4.6 nm), and EL > 15%. The LWR, BE, and EL threshold values used here to pick the best resist candidates are arbitrary values not set by industry. They are represented by purple dots in Fig. 2(a) . From Table 1 and Figs. 3(a) and 3(b) , it is clear that UL1R2, UL1R3, and UL1R4 are particularly interesting for HVM having the highest sensitivities (BE values <25 mJ∕cm 2 ) and the lowest LWR values <6 nm. All of the resists presented in Fig. 3 and Table 1 are positive tone. From these resists, UL1R3, UL1R4, and UL1R5 furthermore have small EL > 9% at 14-nm HP with small BE (22.6 to 28.2 mJ∕cm 2 ) and small LWR values (6.5 to 7.1 nm) making these materials also highly promising down to 14-nm resolution. UL1R3 does not only have the lowest Z-factor among these high-performing resists due to its low BE and LWR values but it also has an extremely high EL of over 25%. We have, therefore, identified highly competitive CAR candidates necessary for the 7-nm node and the successful introduction of EUVL into HVM. SEM images at 24.8, 30, and 47.2 mJ∕cm 2 for UL1R6 have been included to illustrate how pinching serves to increase the LWR values as the dose increases. Figure 4 shows line/space SEM images at different doses around the BE for some of the best performing CARs and reference UL1R1 at 16-nm HP resolution. It is worth pointing out in Fig. 3 that we do not observe decreasing LWR values with increasing BE doses as it has been typically found for CARs. There has been significant work performed by different resist vendors to break the so-called fundamental line width roughness, resolution and sensitivity (LRS) trade-off-relationships and improve the sensitivity of CARs without affecting other resist performance characteristics such as the LWR. JSR Corp. has shown that the introduction of metal sensitizers for enhanced EUV photon absorption serves to improve the sensitivity of the resist while not affecting the LWR. 15 Furthermore, the introduction of a new photoacid generator (PAG) with shorter acid diffusion lengths has also been found to be beneficial not only to the sensitivity of the resist but as well the LWR with a 10% improvement at 15-nm HP for a 40% improvement in the BE. 15 From the alternative resist platforms considered here at 16-nm HP, molecular resist xMT-0801 was also found to be high performing with a BE < 30 mJ∕cm 2 , LWR < 6.5 nm (LER < 4.6 nm), and EL > 15%. Furthermore, the Sn-based metal organic resist from Inpria Corp. tested at two different thicknesses (25 and 32 nm) has the smallest Z-values as can be seen in Fig. 2(a) even when exhibiting high BE values due to their extraordinarily low LWRs < 3.1 nm. The Snbased metal organic resist also shows extraordinarily high EL values of over 30% at 16-nm resolution with either thickness tested. As previously mentioned, Fig. 2 (b) also shows LER versus BE values determined from well-resolved patterns at 13-nm HP. Seventeen different CARs are well resolved down to 13-nm HP. The high-performance arbitrary threshold value (not set by industry) requirements that need to be met simultaneously at such high resolution have been slightly relaxed and three high-performing candidates have been determined. The best CAR candidates at 13-nm resolution simultaneously show BE < 50 mJ∕cm 2 , LWR < 8 nm (LER < 5.6 nm), and EL > 3% as shown in Table 2 .
CAR Evaluation and
In Fig. 5 , we can see the (L/S) SEM pictures at different doses around the BE for the best performing CARs at 13 nm. Pattern collapse, bridging and pinching, in particular, limit the EL at 13-nm resolution and below. Though the performance of CARs at 13-nm HP and below still needs to be improved, it is worth noting that to our knowledge, it is the first time that any EL has been observed at such high resolutions for a CAR. It is nonetheless clear from these results that there is an impending need for alternative resist solutions at 13-nm resolution and below. Again, even with high BE values, the Sn-based metal organic resists (25-and 32-nm thickness) show the smallest Z-values and the highest EL (>10%) and lowest LWR values (<3.5 nm) at this HP as shown in Fig. 2(b) . We have furthermore found three different CAR resists that are well resolved down to 12-nm HP and can be resolved down to 11-nm HP with pattern collapse and bridging, as can be seen in Fig. 6 . Considering that only last year only one CAR UL1R1 was found to be well resolved down to 12 nm, this is a remarkable feat for CARs. 9 
PSCAR
™ Process
Ito et al. 16 introduced the chemical amplification concept (by means of an acid catalyst) for the first time in the early 1980s.
Since its inception, the concept of chemical amplification has been the foundation upon which state-of-the-art photoresist technology has been continuously designed and developed from. Nonetheless, there are well-known fundamental trade-off relationships (LRS trade-off) among the LWR, resolution, and sensitivity that limit the ultimate performance of CARs.
14,17 Therefore, extensive research continues on different methodologies to enhance EUV resist sensitivity. In the conventional chemical amplification process, the amount of photogenerated acid produced increases with exposure dose. Acid contrast (resist contrast) is also enhanced by increasing the exposure dose and quencher (Q) and acid amplification happens during the PEB. Tagawa et al. 5, 6 proposed a new sensitization enhancement mechanism, in which acid amplification also happens by nonthermal diffusion processes at room temperature. The PSCAR ™ is a multiexposure (Fig. 7) lithography technique, in which a low-power pattern exposure (i.e., EUV) is followed by a high-power UV-flood exposure (λ ¼ 365 nm) while using a PSCAR. In this PSCAR process, a photosensitizer and an acid are produced during the first low-power pattern exposure. Then, a large amount of acid is produced through the photoexcitation of the photosensitizer during the second high-power UV-flood exposure in the initially exposed area only. In comparison to the conventional CAR process in which acid generation happens during the EUV exposure (or ELB) alone, in the PSCAR process, a second acid generation process takes place during the second UVflood exposure. 5, 6 The goal is to increase the initial acid yield produced during the first low-power EUV pattern exposure while maintaining the same acid distribution during the second UV-flood exposure to overcome RLS trade-off of conventional CARs. The PSCAR should have no absorption in the wavelength region of the flood exposure so that the acid profile generated by second UV-flood exposure is nearly identical to profile of the PS generated by the first pattern exposure. Acid production during the second UV-flood exposure then should occur only by the excitation of the photosensitizer and nonthermal diffusion.
In this work, we have obtained early proof-of-principle results by performing a first EUV-IL pattern exposure followed by a UV-flood exposure (at different doses depending on the PSCAR tested) using a light emitting diode (LED) lamp (λ ¼ 365 nm) adapted on-site at PSI.
We have first tested a PSCAR resist (PSCAR1) derived from the high-performing reference resist R1 at different UV-flood exposure doses. PSCAR1 is resolved down to 16 nm at all UV-flood exposures tested without any process window or exposure latitude EL (not shown here). Figure 8 shows the SEM (L/S) images of the produced patterns at 18-nm resolution as the UV-flood exposure increases from 0, 0.25, and 0.5 J∕cm 2 . Table 3 shows the corresponding BE, LWR, EL, and Z-values obtained from those exposures. The sensitivity improves (up to 40%) with increasing UV-flood exposure (from 0 to 0.5 J∕cm 2 ) dose at 18-nm HP. Nonetheless, the EL decreases and the LWR increases as well with increasing UV-flood exposure.
In order to address this issue, a second PSCAR resist (PSCAR2) derived from the high-resolution and high-sensitivity resist R2 was tested. The formulation of this resist also contains a quencher for contrast improvement. PSCAR2 is resolved down to 14 nm at all UV-flood exposures tested without EL. Figure 9 shows the SEM (L/S) images of the produced patterns at 16-nm resolution as the UV-flood exposure increases from 0, 1, and 2 J∕cm 2 . Table 4 shows the corresponding BE, LWR, EL, and Z-values obtained from those exposures. We also observe a sensitivity improvement (up to ∼7%) with increasing UV-flood exposure dose at 16-nm HP, which is within the tool fluctuation. Though the LWR and EL remain almost unchanged with increasing UV-flood exposure dose, the sensitivity improvement is only minor and must be enhanced for future commercial successes of this process. Nagahara et al. have shown how the LRS-trade-off breakage promise can be fulfilled by the PSCAR system via simulations. 18 In this paper, the authors have explained how the acid gradient and consequently the resist contrast is expected to be enhanced by applying a higher initial quencher concentration and the implementation of the consecutive quenching steps that happen after the EUV and UVflood exposure. The simulations show that at the same dose, it is theoretically possible to achieve not only a higher relative acid concentration but also a higher chemical gradient that leads to improved EUV sensitivities and lower LWR values. Though the first good first-proof-of-principle results have been presented here, it is clear that further resist and process optimization is needed and is ongoing.
Conclusions
In this study, we have identified several promising candidates that simultaneously meet sensitivity, LWR, and EL high-performance requirements (arbitrary high-performance threshold values, not set by industry) with the aim of resolving line space (L/S) features for the 7-and 5-nm logic node (16-and 13-nm HP, respectively) for future investigation. In addition, several very promising CARs (UL1R1, UL1R9, and UL1R10) were found to be well resolved down to 12-and 11-nm HP with minimal pattern collapse and bridging, a remarkable feature for CARs. Finally, the performance of two negative tone state-of-the-art alternative resist platforms previously investigated was compared to the CAR performance at and below 16-nm HP resolution, demonstrating the need for alternative resist solutions at 13-nm resolution and below.
In this work, we furthermore have presented promising early proof-of-principle results for PSCAR ™ , a multiexposure lithography process. A minor sensitivity improvement of 7% with a UV-flood exposure dose of 2 J∕cm 2 was shown for the PSCAR2 system while the LWR and EL remain almost unchanged with increasing UV-flood exposure dose. Nonetheless, further development is still needed and is ongoing in order to fully demonstrate the potential of PSCAR for sensitivity improvement while other important performance characteristics are not compromised. 
